Rainfall rate fields based on TRMM spaceborne radar observations are compared to those based on the new NOAA Next-Generation Quantitative Precipitation Estimation (QPE) high-resolution national mosaic product (Q2). These rainfall fields can be considered as radar products with the largest coverage currently available from space and ground-based radar observations. They probably can also be considered as the most advanced radar rainfall rate products covering a large area. How well do these two products agree? While the accumulated rain rates from all overpasses combined differ by less than 10%, a comparison between the satellite and ground radar probability distribution functions (pdfs) of the instantaneous rain rate shows very large discrepancies. In general, systematic anomalies over the continental U.S. in TRMM radar pdfs compared to the ground-radar pdfs can be recognized. The pdfs of the TRMM radar are generally shifted towards lower rain rates. Moreover, double peaks occur more frequently in the Q2 than in the TRMM radar pdf. Initial results from the comparisons between these two advanced products are presented.
Introduction
Data on high-resolution surface rainfall rates (intensity) are significant, and the distribution of instantaneous rain rates (R) is of great interest in many fields. For example, hydrological applications such as flood forecasting, runoff accommodation, erosion prediction, and urban hydrological studies depend on an accurate representation of the rainfall that does not infiltrate the soil, which is controlled by the rain rate. In particular, in arid and semi-arid climate zones, floods, runoff, and erosion depend strongly on the distribution of the rain-rate rather than on the antecedent rainfall amount since the soil does not need to be saturated for triggering such events. Systematic shifts in rain-rate probability distribution functions (pdf) will have a significant impact on surface runoff production. The fraction of rainfall likely to be available for crop growth depends on the rainfall rate distribution. The design of communication systems using microwave signals and the prediction of rainfall attenuation depend on knowledge of the rainfall rate distribution, which affects radio-wave propagation. However, efforts to evaluate quantitative instantaneous rain-rate estimates and rain-rate forecasts, as opposed to rainfall-accumulated amounts, are surprisingly rare.
Rain-rate estimates can now be obtained from spaceborne radar observations, e.g., from the radar on board the Tropical Rainfall Measuring Mission (TRMM) satellite. However, recent comparisons with ground-radar observations reveal large discrepancies (Amitai et al. 2006) . The discrepancies were found upon comparing the pdf of the instantaneous rain rate generated from the National Aeronautics and Space Administration's (NASA's) TRMM Precipitation Radar (PR) products and the TRMM Ground Validation (GV) gauge adjusted radar products available over Central Florida. (TRMM standard products are available from NASA Goddard Earth Sciences Data and Information Services Center (GES/DISC) at http://disc.sci.gsfc.nasa.gov/precipitation/.) Significant discrepancies were found in the shape of the pdfs and in the location of the maxima. These discrepancies were found to vary with rain type. However, upon integrating the pdf rain rates, the rainfall accumulations were found to be quite similar.
Do such discrepancies in the pdfs exist elsewhere? Which products do we trust more, those from satellite radar or those from ground radar? To better identify and resolve such significant discrepancies, we developed a prototype in which TRMM PR data are compared with the new National Oceanic and Atmospheric Administration (NOAA) National Severe Storms Laboratory (NSSL) experimental radar products (Q2), comprising high-resolution (1 km, 5 min) instantaneous rainfall rate mosaics, available over the entire continental U.S. (CONUS). Q2 is a real-time, around-the-clock, data infusion and applications development and evaluation environment that includes data quality control, automatic algorithm comparison, and verification. The project has been designed for community-wide collaboration (Vasiloff et al. 2007 ). This paper presents the first results of the PR-Q2 comparison. Its main objective is to provide some indication of the magnitude of the discrepancies between the estimates, based on analyzing several case studies. It presents opportunities and challenges for resolving discrepancies in rainfall estimates, which are of great concern for the evaluation effort and for many applications.
TRMM-Q2 radar data and comparison approach
Scatter plots of pixel-by-pixel comparisons of spacebased R estimates with ground-based radar R estimates are extremely noisy, mainly because of sample volume discrepancies, timing and navigation mismatches, and uncertainties in the observed-radar reflectivity rain-rate (Ze-R) relations. Furthermore, comparisons of rainfall over daily, weekly, or even monthly time scales suffer from the temporal sampling errors of the satellite where the revisit time is on the order of hours or days (Gebremichael and Krajewski 2005) . Consequently, an alternative approach (e.g., Liao et al. 2001; Amitai et al. 2003 Amitai et al. , 2005 ) of comparing spacebased radar pdfs of instantaneous rain rate with pdfs derived from co-located ground-based radar estimates is attractive for comparing satellite-based precipitation products, such as those from PR. Matching the pdfs can provide us with relationships between the two rain rate estimates. The pdfs being developed for this study represent the distribution of rain volume by R, as they are constructed according to the relative contribution made by each R bin to the total rain volume. The volumetric pdf is defined as the sum of the rain rates for a given 1-dBR interval (dBR=10 log(R/ 1 mm h
]) divided by the total sum of the rain rates.
where, P(R) is the probability of rain-rate occurrence. Such pdfs have direct hydrological significance and are less sensitive to instrument rain-detection limits than the pdfs of occurrence. Weak intensities, which are detected by only one instrument, might be associated with quite a large fraction of the total rain area but with a very small fraction of the total rain amount. Therefore, the shape of a volumetric pdf is less affected by weak intensities, as they do not contribute much to the rain volume. This is especially important for comparison of pdfs based on estimates derived by different algorithms and from different instruments (e.g., rain gauge, ground-and space-based radar), each characterized by a different detection limit.
The Rs used to derive the pdfs are based on co-located PR and Q2 radar observations within the PR swath. The PR R estimates are taken from NASA TRMM standard product 2A25 (version 6, parameter: PR near-surface R). The 2A25 product provides an instantaneous 3D-reflectivity field, corrected for attenuation, and surface R estimates at a satellite beam resolution of about 5 km. A major strength of the 2A25 rain retrieval algorithm is in providing accurate reflectivity values at 250 meters vertical resolution in the absence of significant attenuation. However, attenuation of the PR signal at the 2.2 cm wavelength in convective rain, along with error sources such as partial beamfilling, hail, and windshear sorting of particles, can produce large uncertainties in the Ze-R relations, and therefore in the near surface rain-rate estimates. (For a complete algorithm description and performance, see Japan Aerospace Exploration Agency (JAXA) 2005; Iguchi et al. 2000 .) The Q2 products are a set of several Quantitative Precipitation Estimation (QPE) products in Cartesian coordinates with 0.01° horizontal resolution over the entire CONUS that are part of the NOAA NSSL National Mosaic and Q2 System (NMQ). The basic product of the NMQ is a 3D-reflectivity mosaic consisting of 31 levels at 0.01° horizontal resolution. The 3-D reflectivity mosaic product is obtained via two steps: 1) objectively analyzing the volume scan base reflectivity data (quality controlled) from their native spherical coordinates onto a 3-D regular Cartesian grid (so-called cubes), and 2) merging the single radar cubes to produce the CONUS 3-D mosaic via a distance-weighted mean scheme. The Q2 rain rate is derived from the hybrid scan reflectivity using the U.S. National Weather Service convective, stratiform, and tropical Z-R relations. The rain type is identified by the vertical profile of the reflectivity. The Q2 analysis products also include several products indicating hail (severe hail index, probability of severe hail, and maximum expected hail size). These products are derived using the 3-D reflectivity mosaic grid and 3-D thermal field from the Rapid Update Cycle (RUC) 20 km model analysis. The methodology is described in Witt et al. (1998) . A reflectivity value of 49 dBZ is currently set for the hail threshold; i.e., reflectivities higher than this threshold are assigned the threshold value. Additional information on the NMQ system and its capabilities, components, products, and verification subsystem can be found at Vasiloff et al. (2007) and in the NMQ online tutorial (www.nssl.noaa.gov/projects/ q2/tutorial). Q2 products have been generated since Spring 2007. The primary Q2 product utilized in this study is the radar-only instantaneous rain-rate national mosaic, updated every 5 minutes. Current Q2 radar products do not include an instantaneous gauge-adjusted rain-rate mosaic. However, for this study we have developed such a product by using the hourly gauge-adjusted and the hourly radar-only Q2 products. Pixel-by-pixel hourly adjustment factors are calculated and applied to the radar-only instantaneous product to study the gauge adjustment effect on the pdfs.
The production of such a pdf comparison involved many steps both in analyzing the PR and Q2 data and in matching up the data. The subset used for the match-up includes only TRMM overpasses with at least 200 rainy PR pixels of R>10 mm h -1 over the entire continental U.S. This constraint allows for a large sample with the full dynamic range of intensities while circumventing the need to process datasets with small amounts of rain. Both precipitation fields are pixel-matched in time and in space. In general, several (three or four) Q2 products are associated with a given TRMM overpass since it usually takes around 10 minutes for TRMM to fly over the CONUS. For each pixel, the Q2 R-value is taken from the product that is closest in time to the PR observation time over that specific pixel. All PR and Q2 rainy values within the PR swath are used to generate the pdfs, regardless of whether both observed rain at the same pixel. Matching in space is performed by plotting the data on a common grid with 0.04° horizontal pixel resolution. The PR conversion is based on interpolating 2A25 through a Delaunay triangulation process as described in Liao et al. (2001) . The effect of the regridding on the total rain amount, the total rainy area, and the pdf shape depends on the regridding algorithm applied. Application of a specific regridding procedure can maintain the total rain amount, the rain area, or the pdf shape, but not all of these properties at once. In this study, we chose to keep the total rain amount constant and to minimize the effects of light rain areas by using the volumetric pdf as the standard of comparison. In designing the algorithm, special effort was devoted to avoiding the loss of raining pixels during the interpolation, especially at the rain/no-rain frontier, while conserving the total rain amount. Comparisons of the PR rain amount before and after regridding show changes of less than 1% in the unconditional area-averaged rain rate. Changes in the PR rainy area and in the pdf shape upon regridding have been studied. In general, the PR rainy area increases relative to the original PR rainy area upon regridding. This is due to the fact that pixels along the rain/no-rain boundaries register rain upon regridding if they are partially filled by PR rain. The magnitude of this effect varies and depends on the boundary length, with a smaller effect for stratiform rain and a larger effect for isolated rain cells. However, the PR regridded rainy area was still found to be smaller than the Q2 rainy area. This additional rainy area due to regridding is usually associated with weak intensities, and therefore does not significantly affect the volumetric pdfs. Regridding also smoothes the precipitation field. Together, they result in a small shift of the PR pdf toward lower rain intensities. However, neither factor has a significant effect on the shape of the pdf relative to the discrepancies that already exist between the PR and Q2 pdfs.
Results
Figure 1 presents an example of the comparison between Q2 radar-only and PR instantaneous rain rate estimates, based on a single TRMM overpass. The TRMM satellite flew over the region, which included parts of Alabama and Georgia, during the same minute that the Q2 product was acquired (2230 UTC on May 12, 2007) . The images present Q2 and PR data in their original resolutions. The pdfs are based on data that were matched up onto a common grid with 0.04° resolution. The rain amount (volume) for the PR and Q2 is calculated simply by integrating all the rain intensities taken to generate the pdf (ΣR). The sharp cutoff in the Q2 pdf at high rain rates is due to the fact that the Q2 maximum reflectivity is set to 49 dBZ. The rain-amount ratio PR/Q2=1.06 indicates quite similar rainfall accumulations. However, the PR pdfs are shifted towards lower rain rates, indicating a much larger strati-form/convective rain ratio than that obtained from Q2. This shift in the pdf shape is in agreement with that presented in an earlier study by Amitai et al. (2006) , which compared pdfs of TRMM PR and NASA's TRMM GV over central Florida. Figure 2 presents pdfs very similar to those in Amitai et al. (2006) but for a larger dataset. The comparison here is based on 313 rainy overpasses as opposed to 105 in Amitai et al. (2006) . Both the PR-GV and PR-Q2 pdf comparisons reveal a shift in the peak distribution of more than 5dBR, which is very large for many hydrological applications.
A more comprehensive comparison of PR and Q2 pdfs is presented in Fig. 3 . It includes all of the rainy overpasses (98) from September 2007 through February 2008. Each of the six panels represents one month. The PR pdfs have a more log-normal distribution shape (a normal or a Gaussian distribution on a dBR scale), while the Q2 pdfs seem to have a double peak (stratiform and convective). In general, for large data sets over long time periods, we may expect a lognormal distribution of rain-rate occurrence based on the center limit theorem. However, this does not mean we should expect a log-normal volumetric pdf. In fact, a log-normal distribution of rain occurrence by rain rate defines a nonlognormal distribution of rain volume by rain rate. The rain amount ratio PR/Q2 ranges from 0.79 to 1.07 in a given month and is 0.92 for the complete dataset. An indication of the convective/ stratiform rain amount fraction can be obtained by analyzing the cumulative distribution functions (cdfs). It is found that the fraction of rainfall amount with R>10 mm h -1 -an indication of the fraction of convective rain -is higher for Q2 in five out of the six months. It is almost the same for December. For each overpass, a rain amount bias, defined as 2x(PR-Q2)/ (PR+Q2), is calculated, where PR and Q2 are the corresponding rain amounts as defined above (i.e., the summation of all rain intensities). The distribution of the 98 rain amount biases is provided in Fig. 4 . The distribution of (PR-Q2)/Q2 will have a very large positive skewness due to the nature of non-negative distribution ratios such as PR/Q2 and therefore is not used. In general, the Q2 rain area exceeds that of the PR by about 20%, which can be explained by the lower sensitivity of the PR (the PR/Q2 rain-area ratio displayed in the figures is calculated relative to the regridded PR rainy area). As explained in Section 2, low rain rates have a negligible effect on the rain amount and on the shape of the volumetric pdf. In this preliminary assessment study, volumetric pdfs are generated from all pixel pairs including those in which only one instrument registered R>0. However, in subsequent studies, in addition to the pdfs used here, pdfs will be generated conditional on both instruments registering R>0, or with the lower cut-off threshold of the Q2 products adjusted so that the rainy pixel numbers for the Q2 and PR pdfs are the same. However, the disadvantage of these procedures is that they ignore data that register rain by only one instrument. It should be noted that while the Q2 rain area exceeds PR, the PR rainy area is larger than the GV rainy area (Fig. 2) . This result is attributed to the probability- matching method used in generating the Z-R relations for the TRMM GV products, in which weak reflectivities are related to zero surface rain. Several case studies of severe weather were analyzed. Hurricane Humberto (HH) is the only hurricane that has made landfall over the CONUS since the Q2 products became available. On Sept 13, 2007, at 0910 UTC, TRMM fortuitously flew over HH during the landfall. Figure 5 , similar to Fig. 1 , presents the Q2 and PR images in their original resolution. The corresponding pdfs -derived from the regridded data -appear in the right-hand panel. Unlike other case studies, here we do see double peaks (stratiform and convective) in both pdfs. PR underestimates the rain amount by 14% and the rain area by 17% relative to Q2. However, the Q2 rainy pixels (area) with no PR rain are found in this case to contribute less than 1% of the total Q2 rain amount. These values take into account the effects of smoothing due to regridding of the precipitation field.
The stability of the Q2 pdfs can be seen in Figs. 6 and 7. The data for Fig. 6 were taken during one hour centered at the time of the overpass. It is worth noting the contrast between the stability of the pdfs and the rapid decrease in the Q2-PR pixel-by-pixel correlation. This suggests the advantage of using pdfs for PR-Q2 comparisons as opposed to conducting pixel-by-pixel comparisons. The Pearson correlation is calculated for rain rates in linear (mm h -1 ) as well as logarithmic (dBR) units. The PR-Q2 correlation coefficients curve, calculated in mm h -1 for all pixels with rain according to at least one product (Q2 or PR), is indicated by a solid line. Correlation coefficient curves calculated in mm h -1 and dBR units for pixels with both Q2 and PR rain (R>0) are indicated by respective dashed and dotted lines. The Q2 products are available every 5 minutes, so the time difference between the PR observation and the Q2 matched product should not exceed 2.5 minutes. However, since the Next-Generation Radar (NEXRAD) radars within the swath domain are not all exactly synchronized, a shift of up to about 5 minutes can be expected. Within such a time window (0 to 5 min), and even in larger ones, the Q2 pdfs are found to be very stable. Figure 7 plots the pdf curves as in Figs. 1 and 5, but with additional curves for the Q2 products taken 5 min before and 5 min after the TRMM overpass. Within such a time window, the differences among the Q2 pdfs are much less than the differences between the PR and the Q2 pdfs for any single overpass tested.
Tornadic thunderstorms were observed by the PR on February 6, 2008, and on May 11, 2008. The February 6 event is considered the deadliest tornado outbreak of the modern NEXRAD Doppler radar era and was associated with 84 tornadoes over the course of the outbreak with at least 57 people killed. Figure 8 presents the PR and Q2 rainfall field images, as well as the corresponding pdfs for the February 6 event. Three rainy overpasses were defined. The shapes of the pdfs from overpass to overpass are very similar. In all, the PR pdfs are shifted towards lower rain rates relative to the Q2 pdfs. The shift in the peak distribution is larger than 5 dBR. Figure 9 presents the PR and Q2 results for the May 11 event. At the exact time of this overpass (0400 UTC), a tornado was reported in Laurendale County in the far northwestern corner of Alabama, which happened to be located directly under the nadir beam of the PR. While a systematic anomaly in the pdfs can be recognized in both events, on May 11 the PR overestimated the rainfall by 7% while in all three overpasses on February 6 it underestimated the rainfall significantly by 31 to 46%. According to the PR, the fraction of rain with R>10 mm h -1 in both events is very high (62% to 69%) relative to the other overpass cases we studied. Hail actually dominated the May 11 event but was less evident in the February 6 event. These and many other discrepancies in various situations have not yet been resolved and present opportunities and challenges to improve our understanding of the source of the discrepancies, to determine the uncertainties of the estimates, and to improve remote-sensing estimates of precipitation in general.
As mentioned in Section 2, for this study, hourly gauge-adjustment factors are calculated for each pixel and applied to the Q2 radar-only instantaneous product to study the adjustment effect on the pdfs. In addition, if a given pixel registers no rain according to the hourly radar-only product but does accumulate rain according to the hourly gauge-adjusted radar product, or vice versa, then the Q2 and PR instantaneous rain rates for that pixel are not used in generating the pdfs. Since some PR-Q2 pairs are removed, the PR pdf may change even though the PR rain rates are not adjusted by these procedures. Preliminary results, however, reveal that the Q2 instantaneous radar-only products and the new instantaneous gauge-adjusted products yield very similar pdfs relative to the existing discrepancies between the Q2 and the PR pdfs (an example is given in Fig. 10 ). The improvement of the hourly gaugeadjustment product as well as all other Q2 experimental products is an ongoing effort at NSSL.
Closing remarks
This study is the first to compare TRMM PR rain rate estimates with Q2 high-resolution ground radar rain rate estimates. Pdfs based on PR-Q2 data from a single overpass as well as data from combined overpasses (e.g., on a monthly time scale) were compared.
The main findings are as follows. 2) The shapes of the PR and Q2 pdfs are quite different. Double peaks (stratiform and convective) that are evident in the Q2 pdfs do not generally appear in the PR pdfs. In general, the PR pdfs are shifted towards lower rain rates relative to the Q2 pdfs, implying that the PR yields a much larger stratiform/convective rain ratio than does Q2. This shift in the pdf shape is in agreement with that found in an earlier study by Amitai et al. (2006) comparing the TRMM PR with Melbourne, Florida, GV data (TRMM product 2A53). (3) The rain area detected by Q2 is larger than that of the PR. However, the Q2 rainy area associated with regions where the PR does not detect rain contributes less than 1% of the total Q2 rain amount. (4) The Q2 pdfs were found to be very stable (similar) in time, based on generating several pdfs within an hour of a TRMM overpass. This is in contrast to the rapid decrease in the PR-Q2 pixel-by-pixel correlation as the time difference between the Q2 and the PR observations increases (within minutes of an overpass). This represents an advantage of using pdf comparisons rather than pixel-by-pixel comparisons. (5) Q2 radar-only products and gauge-adjusted products yield very similar pdfs. NSSL plans to improve the gauge-correction scheme. We are considering testing an alternative scheme in which Q2 instantaneous radar-only products will be matched to operational stage IV hourly gauge-adjusted products with 0.04 degree resolution. Matching the spaceborne radar pdf with the ground radar (GR) pdf can provide us with the relationship between the two rain rate estimates. An R PR -R GR relation that is obtained using observations during satellite overpass times can be used, for example, to adjust the ground radar rain-rate estimates at any given time. This approach might be very useful for ungauged basins and wherever gauge-adjustment schemes are not useful, as long as we can assume that the satellite rainrate estimates are more accurate than the ground radar estimates. However, based on this preliminary assessment study, such an assumption cannot be made at this time. The systematic shift in the pdfs suggests that either the PR is consistently low or the Q2 is consistently high. Much more research is required before a conclusion can be reached. We need to establish uncertainty values for the ground-based pdf estimates, and hopefully also for the satellite estimates, independently of the reference products. A better understanding of the underlying processes that lead to uncertainties is required. A first step in such an effort could be to identify and resolve significant discrepancies between the satellite estimates and the ground network (i.e., when, where, and why large discrepancies exist). Q2 products, we believe, are suitable for this effort; Q2 significantly increases the sample size of data available for comparisons. It also permits classification of the data by rain type, topography, geographic region, and other parameters in order to evaluate the algorithms and products under different conditions. Such an effort is underway.
